Growth of (0001) facet-dominated, free-standing, piezoelectric zinc oxide (ZnO) nanostructures is challenged by the divergence of the surface energy due to intrinsic polarization. By controlling growth kinetics, we show the success of growing nanobelt-based novel structures whose surfaces are dominated by the polarized ±(0001) facets. Owing to the positive and negative ionic charges on the zinc-and oxygen-terminated ±(0001) surfaces, respectively, a spontaneous polarization is induced across the nanobelt thickness. As a result, right-handed helical nanostructures and nanorings are formed by rolling up single-crystal nanobelts; this phenomenon is attributed to a consequence of minimizing the total energy contributed by spontaneous polarization and elasticity. The polar-surface-dominated ZnO nanobelts are likely to be an ideal system for understanding piezoelectricity and polarization-induced ferroelectricity at nanoscale; and they could have applications as onedimensional nanoscale sensors, transducers, and resonators.
Zinc oxide (ZnO) is a versatile smart material that has key applications in catalysts, sensors, piezoelectric transducers, 1 transparent conductors, 2 and surface acoustic wave devices. 3 The noncentral symmetry and the tetrahedral coordinated ZnO 4 unit in ZnO result in anisotropic piezoelectric properties. Structurally, the wurtzite structured ZnO crystal is described schematically as a number of alternating planes composed of four-fold coordinated O 2-and Zn 2+ ions, stacked alternatively along the c-axis. The oppositely charged ions produce positively charged (0001)-Zn and negatively charged (0001 h)-O polar surfaces, resulting in a normal dipole moment and spontaneous polarization as well as a divergence in surface energy. To maintain a stable structure, the polar surfaces generally have facets or exhibit massive surface reconstructions, but ZnO ( (0001) is an exception, which is atomically flat, stable, and without reconstruction. 4, 5 Understanding the superior stability of the ZnO ( (0001) polar surfaces is a forefront research in today's surface physics. [6] [7] [8] [9] Nanowire-and nanotube-based materials have been demonstrated as building blocks for nanocircuits, nanosystems, [10] [11] [12] [13] [14] and nanooptoelectronics, 15 and they have been fabricated for a wide range of materials from metals, semiconductors, and oxides to polymers. 16 A variety of quasi-one-dimensional ZnO nanostructures, such as nanowires 17 and nanobelts, 18 have been synthesized, and they have been used for fabricating nanoscale lasers, 17 field effect transistors, 19 gas sensors, 20 cantilevers, 21 and resonators. 22 But these ZnO nanostructures grow along the c-axis, and the side surfaces are {011 h0} and {21 h 1 h0} due to their energies which are lower than that of (0001), resulting in vanishing dipole moment and much reduced piezoelectricity. The most desirable morphology to maximize the piezoelectric effect is to create nanostructures that preserve large area (0001) polar surfaces. 23, 24 However, ZnO (0001) has a surface energy that diverges with sample size due to the surface polarization charge. Therefore, growth of (0001) surface-dominated free-standing nanostructures needs to oVercome the barrier of surface energy.
In this paper, we report the free-standing ZnO nanobelts that grow along the a-axis, and their large top and bottom surfaces are the polar (0001) facets. Due to the small thickness of the nanobelts, spontaneous polarization normal to the nanobelt leads to the growth of helical nanostructures. The mechanism for the helical growth is attributed to a consequence of minimizing the total energy contributed by spontaneous polarization and elasticity. The ZnO nanostructures have potential applications as nanoscale sensors, resonators, and transducers that could serve as functional components to be integrated in micro-and nanoelectromechanical systems (MEMS, NEMS). They are also ideal systems for understanding piezoelectric effect and spontaneous polarization induced ferroelectric effect at the nanoscale.
The structurally controlled, high-purity and high-yield ZnO nanobelts were synthesized by a solid-vapor process. 25 Zinc oxide powders (purity 99.99%, melting point 1975°C) were placed at the highest temperature zone of a horizontal tube furnace. Before heating to the desired temperature of 1350°C , the tube furnace was evacuated to ∼10 -3 Torr to remove the residual oxygen. Then the source materials were heated to 1350°C at a heating rate of 20°C/min. ZnO decomposes into Zn 2+ and O 2-at high temperature (1350°C) and low pressure (∼10 -3 Torr), 26 and this decomposition process is the key step for controlling the anisotropic growth of the nanobelts. After a few minutes of evaporation and decomposition, the Ar carrier gas was introduced at a flux of 25 sccm (standard cubic centimeters per minute). The synthesis process was conducted at 1350°C for 30 min. The nanobelts were deposited onto an alumina substrate placed in a temperature zone of 400-500°C under Ar pressure of 250 Torr. Structures of the ZnO nanobelts were analyzed by scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM). 27 SEM and TEM analysis shows that the as-prepared product has a belt-shape with widths of 10-60 nm, thickness of 5-20 nm and lengths up to several hundreds of micrometers. The dominant component of the as-synthesized sample is nanobelts with a uniform size distribution, but a significant amount of nanobelts has ring shape (as indicated by arrowheads in Figure 1 ), which has not been found for singlecrystal nanobelts or nanowires of any other materials.
The ZnO nanobelt has a controlled structure. By examining over hundreds of nanobelts laid down naturally onto a carbon film by electron diffraction (ED), more than 90% of them showed the same orientation of [0001] with respect to the incident electron beam (Figure 2A ), indicating that the top flat surfaces of the nanobelts are the polar ((0001) facets. This clearly demonstrates the success of overcoming the surface energy barrier by growth kinetics in achieving structural control. The ZnO nanobelt has a wurtzite structure with lattice constants of a ) 0.325 nm and c ) 0.521 nm.
Indexing of the ED pattern shows that the nanobelt grows along [21 h1 h0] (the a-axis), with its top/bottom surface ((0001) and the side surfaces ((011 h0) ( Figure 2B ). HRTEM shows that the nanobelt is single crystalline without the presence of dislocations ( Figure 2C ), and its geometrical shape is uniform. The surfaces of the nanobelt are clean, atomically sharp and flat ( Figure 2D ). Due to the small thickness of 5-20 nm and large aspect ratio of ∼1:4, the flexibility and toughness of the nanobelts are extremely high so that it can be bent or twisted without fracture ( Figure  2E ,F). The crystallographic structural model of the nanobelt is presented in Figure 2G .
In addition to the significant portion of nanorings observed in Figure 1 , the most striking feature of the sample is the formation of helical structures by rolling up single crystalline nanobelts ( Figure 3 ). 25 The helical nanostructure has a uniform shape with radii of ∼500-800 nm and evenly distributed pitches. A nearly perfect circular arc is formed by a single nanobelt ( Figure 4A ). Electron diffraction indicates that the direction of the radius toward the center of the ring is always [0001] along the entire perimeter without significant twisting, and the circular plane of the nanoring is [011 h0]. A full circular ring formed by a closed nanobelt shows a consistent orientation ( Figure 4B ); the orientation of the straight or close-to-straight nanobelts is along [0001] , in consistent to the result from Figure 2A . The orientation relationship presented in Figure 4A is preserved for nanorings formed by double-looped ( Figure 4C ) and multiple-looped ( Figure 4D ) rolling of a nanobelt. The orientation of the two wider nanobelts across the nanoring in Figure 4C is [0001] . The enlarged images from the doublelooped ring in Figure 4C clearly indicate that the two loops of the nanobelt are in physical contact, and there is even a small gap (∼1-2 nm, see the insets in Figure 4C ) between them, suggesting that the interaction between the loops is weak and there is no chemical bonding. Overlap among the loops is possible for multiple-looped ring (see the inset in Figure 4D ).
The (0001) 28 has been applied to determine the polarity ( Figure 4E ), and the result indicates that the interior surface of the ring is (0001)-Zn and the exterior surface is (0001 h)-O. 29 Physically, if the surface charges are uncompensated during the growth, 30 the net dipole moment tends to diverge and the electrostatic energy increases. For a thin nanobelt laying on a substrate, the spontaneous polarization induces electrostatic energy due to the dipole moment, but rolling up to form a circular ring would minimize or neutralize the overall dipole moment, reducing the electrostatic energy. On the other hand, bending of the nanobelt produces elastic energy. The stable shape of the nanobelt is determined by the minimization of the total energy contributed by spontaneous polarization and elasticity.
An analytical estimation of the total energy is given below. A nanobelt with spontaneous polarization and charge on the top and bottom surfaces can be approximated to be a capacitor. For simplicity, we propose a model in which a flat planar capacitor (length L, width W, and thickness t) is rolled up to form a cylindrical capacitor (inner radius R 1 , outer radius R 2 , and mean radius R ) (R 1 + R 2 )/2), as shown in Figure 4F . If the thickness of the nanobelt is much smaller than the mean radius of the cylinder (t , R, and L ) 2πR) (typically t ∼ 10 nm, R ∼ 500 nm), the surface charge density (σ) is preserved before and after rolling, because the surface charges are intrinsic ionic charges owing to the unique crystallographic structure of ZnO rather than the induced charges that could "freely" flow. The change in electrostatic energy is calculated as the difference of electrostatic energies between the cylinder and the plate, 31 which is where is the dielectric constant. Based on elasticity theory, the elastic energy stored in a uniform cylinder is 32 where Y is the bending modulus of the nanobelt. Therefore, the change in total energy is From eq 3, there exists a critical thickness-to-radius ratio ∆E ≈ -πWσ
(t/R)*, at which ∆E ) 0, where ∆E < 0 if t/R < R, and ∆E > 0 if t/R > R. The bending modulus for free-standing nanobelts has been measured by the mechanical resonance 22 and nanoindentation 33 techniques to be Y ) 50 ( 5 GPa, ) 4.6, 34 and surface charge density |σ| ) 0.057 C/m 2 based on the first principle calculation. 24, 30 . Equation , and (2.8 ( 0.1) × 10 -2 , respectively, all of which are smaller than the R value from eq 4; thus, the nanoring structure is energetically favorable. For a nanoring of typical radius of R ) 400 nm as observed in Figure 1 , eq 4 gives t* ≈ 15 nm. Therefore, if the thickness of the nanobelt is smaller than 15 nm, the total energy ∆E drops after forming a ring, suggesting that the ring configuration may be the preferred shape; while for thicker nanobelts, the straight configuration is the stable shape. The formation of the helical structure as shown in Figure 3 is the simultaneous rolling of the nanobelt while it continues to grow along the a-axis ( Figure 4G) .
The atomic structure of the nanobelt has been investigated by HRTEM. The model for the helical nanostructure shown in Figure 5A is given in Figure 5B . We have chosen two orientations to investigate the atomic structure of the helical nanostructure. The first orientation is along the axis of the helical nanostructure, which is [1 h21 h0], and the second orientation [011 h0] is parallel to the top (0001) surface and perpendicular to the side surface of the nanobelt. The HRTEM image recorded along [1 h21 h0] shows clearly the (101 h0) (d ) 0.28 nm) and (0002) (d ) 0.26 nm) fringes without the presence of dislocation, but stacking faults parallel to the (0001) plane are identified. The stacking fault is extrinsic with insertion of an extra Zn-O layer parallel to the basal plane. The most important result is that the presence of (0001) stacking faults does not affect the polarity of ZnO, as shown by the models in Figure 5D . The HRTEM image recorded along [011 h0] clearly presents the (0002) (d ) 0.26 nm) and (21 h1 h0) (d ) 0.16 nm) fringes ( Figure 5E ). An enlarged image and the projected atomic structural model are given in Figure 5F , which also preserve the polarity. The top surface of the nanobelt is flat with the presence of a few atom-height steps as displayed by the profile image in Figure  5E .
The growth of polar facet-dominated nanobelt surfaces is a major step toward development of piezoelectric and ferroelectric one-dimensional nanostructures. Because the ZnO (21 h1 h0) plane has a surface energy lower than that of (011 h0), a fast growth along [21 h1 h0] (a-axis) to form a nanobelt structure may be unfavorable from the energy point of view. But the success of controlled growth of free-standing (0001) polar-surface-dominated nanobelts along the a-axis demonstrates the experimental feasibility of overcoming the energy barrier through growth kinetics, thus providing a feasible approach for growing structurally controlled nanobelts of technological importance.
Helical structure is the most fundamental structural configuration for DNA and many biological proteins, which is due to van der Waals force and hydrogen bonding. For onedimensional nanostructures, nanocoils and nanorings have been observed for carbon nanotubes [35] [36] [37] and SiC, 38 the former are created due to a periodic arrangement of the paired pentagon and heptagon carbon rings in the hexagonal carbon network, 39 and the latter are due to stacking faults and twins. These helical structures are produced by the presence of point or planar defects (twins and stacking faults). The striking new feature of the helical nanostructures for single crystalline ZnO nanobelt reported here is that they are the spontaneous polarization induced structures. 40 The nanobelts and helical nanostructures are an ideal system for understanding piezoelectricity and polarization-induced ferroelectricity at nanoscale. Quantitative analysis about the elastic energy involved in the formation of helical structure could provide an experimental measurement on the electrostatic energy induced by spontaneous polarization, leading to a possible technique for measuring the dipole moment and surface charge distribution in nanobelt structures. The different polar surfaces could be used as selective catalysts. The local deposition temperature is ∼400-500°C, which is high enough to prevent physical adsorption of molecules on the surface during the growth. Thus, the ionic charges on the surface are likely uncompensated and are electrostatically effective for producing the helical structure. (31) The calculation was made based on following approximations: [1] the thickness of the nanobelt is much smaller than the radius of the nanoring (t , R); [2] the width (W) of the nanobelt is significantly larger than its thickness, so that the edge effect is small. However, it is the difference between the electrostatic energy before and after rolling into a cylinder that matters to the final result; if the edge effect before and after rolling is preserved, the edge effect, if any, is almost canceled out in the final equation. [3] The surface charges are due to the unique crystallographic structure of ZnO, and they are bound to the atoms, thus, the surface charge density is preserved after rolling into a cylinder. Therefore, the total charge on the inner surface of the cylinder is Q ) 2π(R -t/2)Wσ. The change in electrostatic energy is (32) Because the thickness of the nanobelt is very small and the ring radius is large, the radial stress across the nanobelt is negligible because the two sides are free surfaces without external force. The strain along the z-direction (the axis of the cylinder) is also zero because there is no twisting. The only strain is along the φ-direction. The elastic energy is the volume integration of the φ-direction strain energy. The bending modulus used for the calculation was based on the experimentally measured value for ZnO nanobelts with inclusion of geometrical factor. Heating the specimen to 400°C generated a high concentration of oxygen vacancies based our previous study in ref. 19 , but no visible change in the shape of the helical nanostructure was found, suggesting that the role played by point defects in the formation of helical structure is undetectable. (41) Thanks the support from NSF and NASA URETI. Thanks to Profs.
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